1. Introduction {#s0005}
===============

Epitaxial stabilisation of various crystal structures by the template effect is the topic of many research activities (e.g. superlattice studies) due to the ability to control the properties of coatings by engineering the structures at the nanoscale. Multilayers that consist of two nanoscale layered materials with the same crystal structure and a small lattice mismatch may grow epitaxially [@b0005], [@b0010], [@b0015], [@b0020], [@b0025], [@b0030]. Lattice mismatch between the two coherent layers generates an alternating strain field or coherency stress field in bi- and multilayers. This strain field and the different dislocation line energies per unit length of the two layers due to their different elastic moduli, may inhibit the generation and movement of dislocations and strengthen the bi- and multilayer system [@b0015], [@b0020].

The final condition of the bi- and multilayer systems are controlled by various strain factors such as (i) misfit strain or coherency stress due to lattice mismatch between the film--film or film--substrate at the deposition temperature and its relaxation by dislocation generation, (ii) thermal strain caused by different thermal expansion coefficients of the individual layers and substrate during cooling, and (iii) transformation strain at and below the Curie temperature [@b0035], [@b0040]. Among these strains, thermal and transformation strains can be estimated by experiments. Therefore, the present work focuses to modelling the misfit strain or coherency stress between TiN and AlN layers in TiN/AlN bilayer and multilayer films by finite element method (FEM) using a commercial package, ABAQUS 6.10-1 [@b0045]. The TiN/AlN system was chosen for the investigation as this system is highly interesting from fundamental as well as from the application point of view [@b0050], [@b0055].

Due to a high density of interfaces in a multilayer (compared to a single component monolithic film of the same overall thickness), stress producing mechanisms associated with coherency, surface and interface stresses are expected to be dominant. Here, we focus on coherency stress effects in bi- and multilayer systems and by monitoring stress evolution in the growing film by curvature measurements, we are able to observe changes in layer stress associated with changes in thickness. It is worth noting that the thermal stresses, caused by the mismatch of thermal expansion coefficients rather than by the lattice parameters, will be built-in in the bi- and multilayer structures in a similar way to the coherency stresses. In contrast to the results of layers with substrates (where we assume incoherent interfaces, i.e. effectively no lattice mismatch) the different thermal expansion of the substrate make the situation more complex. Nevertheless, the concepts, methodology, and conclusions of this work can be directly used for assessing the thermal stresses too.

2. FEM modelling and ABAQUS simulation {#s0010}
======================================

The interfacial coherency stress generated due to the initial misfit strain between the lattice parameters of TiN and AlN films of sputter deposited TiN/AlN bilayer and multilayer films were analysed by FEM in ABAQUS simulation with the following dimension of the samples. A cylindrical shaped film of 2 μm diameter and thickness of TiN and AlN films varied in nanometer range considered for the analysis and silicon substrate of thickness 500 nm was considered below the TiN/AlN film in some cases. The films were modelled using four-node bilinear quadrilateral element CAX4R, with axisymmetric option. The point of origin (*x* = *y* = 0) is fixed and the symmetry condition is applied along the *y*-axis. The axisymmetric plane parallel to *xy*-plane was taken into account for the two dimensional model in the present work, see [Fig. 1](#f0005){ref-type="fig"}. The materials were modelled using isotropic elastic media, with quadrilateral-shaped elements to mesh the model.

Element size across the plane was minimised in a graded fashion near the TiN--AlN film interface ([Fig. 2](#f0010){ref-type="fig"}), in the bilayer and multilayer system (interface of each layer) as this area was very prone to high stress concentration [@b0060] and the model had been simulated with more than 150,000 elements. The element size near the interface was approximately 100 times smaller than the thickness of the layer. A fine mesh was also introduced near the symmetric axis and edge across the thickness of the films and it was refined until the results are consistent with only small changes.

The left side of the model was used as the axis of the axisymmetric model. The bottom left corner of the model was pinned to restrict any movement and all other edges were stress free so that bending was permitted. The physical and mechanical properties of the TiN and AlN films are given in [Table 1](#t0005){ref-type="table"}.

3. Results and discussion {#s0015}
=========================

3.1. TiN/AlN bi-layer system {#s0020}
----------------------------

The coherency stress generated in the bi-layer TiN/AlN system without substrate but with various thicknesses of the individual layers, is plotted in [Fig. 3](#f0015){ref-type="fig"}. By coherency stress, we refer to the radial component, *σ*~RR~, of the stress tensor, and we plot it along the *z*-axis. This way, negative and positive values of the coherency stress refer to compression and tension in the *xy*-plane, respectively.

Firstly, we kept the thickness of the TiN layer constant at 10 nm and varied the thickness of the AlN layer from 1 nm to 10 nm ([Fig. 3](#f0015){ref-type="fig"}a). The fact that the lattice constant of TiN (4.25 Å) is larger than that of AlN (4.05 Å) implies that TiN is expected to be laterally in compression while AlN in tension, in order to obtain a coherent interface. The inspection of [Fig. 3](#f0015){ref-type="fig"}a proves this intuitive picture only partly. For the thinnest AlN layer (1 nm), AlN is indeed in tension (*σ*~RR~ \> 0). However, the TiN layer changes from compressive state near the interface into tension at the bottom free surface. Such a distribution of stresses together with the axial symmetry of our model corresponds to a bowed-out shape of the specimen. The estimated curvature of this 10-1 (10 nm TiN--1 nm AlN) model is 22.0 × 10^4^ m^−1^. In a simplified manner, our bi-layer model may be imagined as a system consisting of two springs with different spring constants and different equilibrium lengths, that are laterally glued together (see [Fig. 4](#f0020){ref-type="fig"}).

When the AlN layer thickness increases from 1 nm to 2 nm to 3 nm to 5 nm, the amplitude of the compressive coherency stress in TiN at the interface increases from −8.3 GPa to −12.5 GPa to −14.4 GPa to −15.4 GPa, while at the same time the amplitude of the tensile stress in AlN at the interface decreases from 20.1 GPa to 15.7 GPa to 13.6 GPa to 12.6 GPa, respectively. This behaviour can be again understood intuitively by realising that with increasing AlN layer thickness, we effectively increase the amount of material that needs to be put in tension. This corresponds to increasing the spring constant of the shorter spring (AlN) in [Fig. 4](#f0020){ref-type="fig"}, which lets us understand why more deformation (and stresses) are taken by the longer spring (TiN). The *σ*~RR~ component at the upper (AlN) free surface of the 10-5 (10 nm TiN--5 nm AlN) bi-layer model is almost 0 and the layer curvature increases to 39.5 × 10^4^ m^−1^.

Further increase of the AlN thickness to 7 nm and 10 nm leads to a drop of the compressive stresses in TiN at the interface to −14.9 GPa and −13.8 GPa while the tensile stresses in AlN at the interface increases to 13.0 GPa and 14.2 GPa, respectively. In conjunction, the curvature of the bi-layer drops to 34.2 × 10^4^ m^−1^. This is caused by the fact that the AlN layer becomes too thick to be fully in tension, and because of the layer bending, the *σ*~RR~ at the upper (AlN) free surface becomes negative (compression), thus relieving partly the compression from the TiN layer.

A similar situation is obtained for constant AlN thickness of 10 nm and TiN layer thickness decreasing from 10 nm to 7 nm to 5 nm to 3 nm to 2 nm to 1 nm (see [Fig. 3](#f0015){ref-type="fig"}b). At approximately 5 nm of TiN, the coherency stress at the bottom (TiN) surface becomes 0 and for smaller thicknesses the TiN layer is fully in compression. The coherency stress in TiN and AlN at the interface for 5 nm thick TiN is −12.4 GPa and 15.7 GPa, respectively, and the corresponding curvature is 40.3 × 10^4^ m^−1^. For the thinnest TiN layer (1 nm), the compressive stresses raise to −19.8 GPa while the tensile stresses in AlN drop to 8.2 GPa, and the curvature decreases to 22.8 × 10^4^ m^−1^.

These observations can be summarised as follows: (i) AlN is always in tension while TiN is always in compression at the interface. (ii) If the thinner layer has approximately 1/2 of the thickness of the thicker layer or less, then the stress character inside the layer does not change (i.e. remains compressive in TiN and tensile in AlN), while inside the thicker layer or inside both layers when their thicknesses are comparable, the stress state changes from the interface to an opposite type at the respective free surface. We explained this behaviour by bending of the sample. (iii) The curvature of the bending is largest for the TiN/AlN thickness ratios ∼0.5 and ∼2 while it is smaller for the layers with the same thickness. Obviously, zero curvature is obtained in the limit case of a single layer.

[Fig. 3](#f0015){ref-type="fig"}c demonstrates the "scaling" behaviour posed by working within the linear theory of elasticity. It shows the stress distribution for a 30 nm thin TiN and a 3 nm thin AlN layer. The thickness ratio is 10, i.e. the same as for the 10-1 (10 nm TiN--1 nm AlN) model presented in [Fig. 3](#f0015){ref-type="fig"}a. And indeed, the stress profiles are exactly the same.

Since a free standing bi-layer is difficult to realise experimentally for the layers of interest, we studied also the effect of substrate on the stress redistribution. We assume that a TiN layer incoherently grows on a Si substrate (i.e. no coherency stresses between them when no additional AlN layer is on top) and the TiN itself is overgrown coherently with a cubic structured AlN layer. The resulting profiles are shown in [Fig. 5](#f0025){ref-type="fig"}. Clearly, the coherency stress is predominantly concentrated in AlN (tension) and it varies between 26.2 GPa for the 30-6 model and 28.2 GPa in the 10-1 case. TiN is slightly in compression (between −2.4 GPa and −0.5 GPa) while the substrate is almost negligibly in compression. Nevertheless, this behaviour is easy to understand: the assumption of incoherency between the substrate and the TiN layer causes that the substrate, in fact, works as a massive support for TiN against the deformation due to the coherency with AlN. Additionally, the coherency stress is proportional to the coherency strain (approximately the same in both TiN and Si) and the Young's modulus. Since TiN is stiffer than Si, also the coherency stress is considerably higher there. The calculated curvatures for the 10-1, 10-2, 30-3, and 30-6 models are 0.8 × 10^4^ m^−1^, 1.6 × 10^4^ m^−1^, 21.8 × 10^4^ m^−1^, and 19.1 × 10^4^ m^−1^, respectively. A comparison with the free standing bi-layers yields that the curvature is reduced by the factor ∼10 when using a 500 nm thick substrate.

Finally, a comparison of the 10-1 and 30-3, as well as 10-2 and 30-6 models clearly show, that due to the substrate, the linear proportionality as observed for the free standing bi-layers, is lost. This could, however, be expected as the substrate thickness is always 500 nm, and thus the proportions of individual layers are different in each model.

3.2. TiN/AlN multilayer system {#s0025}
------------------------------

A system of 10 layers, alternating TiN (5×) and AlN (5×) of 5 nm each, was taken as a basis for the investigation of multilayers. As expected, AlN is in tension while TiN is in compression, however, the absolute values of the coherency stresses in each layer type decrease towards the free surface of that individual layer type (see [Fig. 6](#f0030){ref-type="fig"}). Thus, the lowest compressive stresses are in the 1st TiN layer while the largest are obtained at the interface between the 9th (TiN) and 10th (AlN) layers, and similarly for AlN. Such behaviour stems from the bowing of the sample. When the bottom layer is TiN, the sample bows upwards. That basically means, that the length of the top-most AlN layer is smaller than that of the 2nd layer (though both are stretched with respect to relaxed AlN), and consequently the tensile coherency stress is smaller in the top-most layer than in the 2nd layer. The calculated curvature of this multilayer with five alternating TiN and AlN layers is 29.5 × 10^4^ m^−1^.

The curvature and variation of coherency stresses generated in a TiN/AlN multilayer film for 10 layers, with five alternating TiN and AlN layers of 5 nm thicknesses each, is shown in [Fig. 7](#f0035){ref-type="fig"}. The image is obtained from the ABAQUS software and visualises the coherency stress in TiN and AlN layers as discussed in the previous paragraph. Note that at the right facet, *σ*~RR~ ∼ 0 as expected for the stress free surface.

As the 11th layer is coherently deposited, the curvature of the multilayer specimen decreases to 22.8 × 10^4^ m^−1^ to 16.3 × 10^4^ m^−1^ to 10.4 × 10^4^ m^−1^ to 5.0 × 10^4^ m^−1^ and to 0 m^−1^ when the 11th layer thickness increases to 1 nm to 2 nm to 3 nm to 4 nm and to 5 nm, respectively. When it reaches 5 nm, the sample becomes vertically symmetrical and thus must become flat. In this case, the coherency stresses are constant with each respective layer having values of −12.8 GPa in TiN and 15.4 GPa in AlN i.e. higher absolute values of the coherency stress is obtained in AlN than in TiN. This is due to the fact, that the model with 11 layers contains more TiN than AlN which then becomes dominant for the multilayer as well as due to *E*~AlN~ \> *E*~TiN~, see [Table 1](#t0005){ref-type="table"}.

In our model, the 12th layer is again AlN. When its thickness increases from 0 nm to 5 nm, the curvature again increases from 0 × 10^4^ m^−1^ to 21.0 × 10^4^ m^−1^ as the specimen bows upwards. While the distribution of stresses is similar to that of 10 layers (only spread over a longer distance), the curvature of the 12 layer sample is smaller than that of 10 layers, and significantly smaller than for a 5-5 bilayer (58.6 × 10^4^ m^−1^). This suggests that the more layers the system has the flatter the specimen becomes. Nevertheless, this can be explained by the fact that the more layers are in the system, the less important is the contribution of the top most layer, i.e. the system more resembles the one with vertical inversion symmetry (which is flat).

[Fig. 8](#f0040){ref-type="fig"}a and c demonstrates the effect of various ratios of TiN and AlN layer thicknesses. The thicker layer tends to dominate the multilayer behaviour. Therefore, the coherency stresses are concentrated in the AlN layer for the five times 10-3 (10 nm TiN--3 nm AlN) model ([Fig. 8](#f0040){ref-type="fig"}a), while they are more evenly shared between TiN and AlN in the five times 5-5 model ([Fig. 8](#f0040){ref-type="fig"}c). When a substrate is added into consideration on which the first TiN is grown incoherently, similar to the bi-layer system the substrate works as a stress stabiliser of the system (effectively adds 500 nm of thickness to TiN). Nevertheless, in contrast to the bilayer system, a slight differences in the coherency stress levels can be observed in [Fig. 8](#f0040){ref-type="fig"}d which will increase with more layers. This eventually leads to increasing bowing of the multilayer on substrate, which is a qualitatively different behaviour to the free-standing multilayer. Since for a (hypothetical) limiting case of infinite number of layers the specimen curvature will be 0 (in such case, the asymmetry due to the substrate becomes unimportant), there must be a configuration of a definite number of layers (given their and substrate thicknesses) for which the bowing due to coherency stresses is maximal.

4. Conclusion {#s0030}
=============

This paper reports on the investigation of interfacial coherency stress generated in TiN/AlN bilayer and multilayer films by finite element method (ABAQUS). We assumed a cylindrical shaped specimen with a diameter of 2 μm and varying layer thicknesses. The difference in lattice constants of TiN and AlN leads to a generation of (non-uniform) coherency stresses in the specimen, and to bending of the specimen. The four-node bilinear quadrilateral axisymmetric elements CAX4R were used to model the interfacial coherency stress induced in the TiN/AlN film with elastic and isotropic behaviour.

The AlN and TiN layers in the bilayer film are always in tension and compression at their interface, respectively. When the thickness of the thinner layer is approx. 1/2 of the thicker layer or less, then the stress character inside that layer does not change (i.e. remains compressive in TiN or tensile in AlN), while inside the thicker layer or inside both layers when their thicknesses are comparable, the stress state changes from the interface to an opposite type at the respective free surface. The curvature of the bending is largest for the TiN/AlN thickness ratios ∼0.5 and ∼2 while it is smaller for the layers with the same thickness. The curvature is reduced by the factor of ∼10 when a 500 nm thick substrate with an incoherent interface to the TiN layer is added.

The TiN/AlN multilayer system was studied with respect to increasing thickness of the top-most layer, thus mimicking a growth of one bilayer period. It was observed that the curvature of the multilayer specimen was maximum for equal number of TiN and AlN layers, and the curvature decreases with the addition of one more TiN layer in the system. For exactly one extra TiN layer, the system becomes vertically symmetrical and flat (i.e. zero curvature). When the next AlN layer is added to finish the extra bi-layer period, the curvature again increases but to a lower value than that of the system with one less period. This suggests that the top layer plays a crucial role in the development of the coherency stress-profile through the multilayer system. These results are helpful for upcoming works in which the conditions necessary for the stabilisation of c-AlN on TiN in the TiN/AlN bilayer system are studied.
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![A schematic diagram of axisymmetric 2D solid model of TiN/AlN bilayer and multilayer films.](gr1){#f0005}

![Physical boundary conditions applied in the model.](gr2){#f0010}

![Variation of coherency stress generated in TiN/AlN bilayer film as a function of film thickness without substrate (coherency stresses at interfaces of TiN and AlN layers mentioned in the figure).](gr3){#f0015}

![Scheme of the "spring model".](gr4){#f0020}

![Variation of coherency stress generated in TiN/AlN bilayer film with Si substrate (coherency stresses at interfaces of TiN and AlN layers mentioned in the figure).](gr5){#f0025}

![Variation of coherency stresses generated in TiN/AlN multilayer films when increasing the thickness from 0 to 5 nm of an additional TiN layer (a) and an additional AlN (b).](gr6){#f0030}

![Curvature and variation of coherency stress generated in TiN/AlN multilayer film.](gr7){#f0035}

![Variation of coherency stress generated in TiN/AlN multilayer film with substrate and different thicknesses.](gr8){#f0040}

###### 

Physical and mechanical properties of TiN and AlN films [@b0065], [@b0070], [@b0075], [@b0080].

  Properties              TiN    AlN    Si
  ----------------------- ------ ------ -------
  Young's modulus (GPa)   450    500    165.6
  Poisson's ratio         0.2    0.14   0.218
  Lattice parameter (Å)   4.25   4.05   --
